Guinea pigs were exposed to ultrafine aerosols (< 0.1 ,Im) of zinc oxide with a surface layer of sulfuric acid. These acid-coated aerosols are typical of primary emissions from smelters and coal combustors. Repeated daily 3-hr exposures for 5 days produce decrements in lung volumes and pulmonary diffusing capacity and elevations of lung weight/body weight ratio, protein, and number of neutrophils in pulmonary lavage fluid at concentrations of 20 ,ug/m3. A single 1-hr exposure to 20 ,ug/m3 causes increased bronchial reactivity. Higher concentrations of conventionally generated sulfuric acid mist are required to produce responses of similar magnitude.
Introduction
Primary emissions from coal combustion and smelting operations include ultrafine aerosols (< 0.1 ,um) coated with a layer of sulfuric acid (H2SO4). Such particles are of considerable toxicological importance because they are small enough to penetrate the sensitive alveolar regions of the lung, and even though the actual H2SO4 concentration may be very low, it is all on the surface of the particles and thus readily available to produce an irritant response. For meaningful interpretation of toxicological data, both quantitative and qualitative data are needed on the speciation of the sulfur present in the surface layer. For toxicological studies, these acid-coated aerosols must be freshly generated. Collected, resuspended fly ash is completely useless for this purpose because the critical acid layer would not survive storage.
We use two systems for generation of these acid aerosols. One system permits us to study pure metal oxides, the other permits study of the ultrafine fraction of coal combustion aerosols. Our prototype pure metal oxide aerosol has been zinc oxide (ZnO) (count median diameter 0.05 ,um, (yg 2.0) mixed with sulfur dioxide (SO2) and water vapor at 5000C (1) . Qualitative data obtained with electron spectroscopy for chemical analysis (ESCA) showed that the sulfur (S) species associated with the aerosol under these mixing conditions were predominantly S (VI) with a lesser amount of S (IV) (2 prompt pH drop when these aerosols were suspended in water indicated that this surface layer was predominantly H2S 04. The respiratory response of guinea pigs exposed to these aerosols was consistent with the known response to H2SO4 (3) .
As yet, we have no data on animal exposures to coal combustion products, but we have extensive characterization data on the composition of the ultrafine aerosol fraction. These data indicate that there is good reason to anticipate that the response produced by the prototype acid-coated aerosols generated with our ZnO furnace will have considerable relevance to the coal combustion aerosols. Zinc (Zn) is one of the elements concentrated in the submicrometer size fraction and on the surface of atmospheric fly ash (4, 5) , as well as in the ultrafine fraction of our laboratory coal combustors (2) . In 14 coals studied, the Zn in the ultrafine fraction was approximately 20% of the Zn present in the coal (6) . In coals such as Illinois No. 6, with a high Zn content, the Zn in the ultrafine fraction can account for 1 to 2% by weight with an even higher concentration in the surface coating (2) . S (VI) is also concentrated in the ultrafine fraction of coal combustion aerosols with higher concentrations in the surface layer. Again, in the case of Illinois No. 6, as much as 9% of the S present in the coal appears as H2S 04, both free and on the particle surface. These aerosols also produce a pH drop when suspended in water (2) .
The main points of discussion in this paper will be additional quantitative data on speciation of the surface S, on the pulmonary response to single and repeated exposures to these atmospheres, and on comparison of the response to that produced by H2S 04 aerosols of comparable size.
Speciation of Sulfur
We have used ion chromatography to determine quantitatively the total S on the ZnO aerosol and its distribution between S (VI) and S (IV) (7) . Figure 1 shows the amount of S carried by the aerosol as a function of ZnO concentration present in the chamber with 1 ppm SO2. Only small amounts (0.6-6%) of the 1280 Hig/m3 S available from 1 ppm SO2 are associated with the aerosol. It is thus possible to reduce the SO2 concentration at a given level of ZnO without altering the pulmonary response (6) . Figure 2 shows the quantitative speciation of the S between S (VI) and S (IV). In agreement with earlier qualitative data (2), the S (VI) predominates, although some unoxidized S (IV) was also present. At the ZnO concentrations of 1, 2.5, and 5 mg/m3 used in the toxicological experiments, 72 to 99% of the total particulate S is present as S (VI).
Neither Figure 4 shows the effects on TLC and VC, and Figure 5 shows the effects on DLCo and the lung weight-body weight ratio. These measurements were made immediately following exposure. The 30 ,ug/m3 H2SO4 produced, with the exception of day 2, steady decrements in TLC and VC, which appeared to plateau on days 4 Figure 6 shows the effect of repeated daily 3-hr exposure to 20 ,ug/m3 H2SO4 on the protein in pulmonary lavage fluid. This was increased substantially on days 1 and 3 of exposure and slightly on days 4 and 5. These data are in agreement with data on another species, the rat, exposed to another deep lung irritant, 03 (11) , in indicating that protein in lavage fluid is one of the most sensitive indicators of such pulmonary damage. Figure 7 shows the effect of this same exposure on the number of neutrophils in pulmonary lavage fluid. The increase in neutrophils accounted for the increase in overall cell count in lavage fluid; the number of macrophages and eosinophils was not increased. The number of neutrophils peaked on day 3. It was on days 3 and 4 of similar exposures that lung weight-body weight ratios were increased and on days 4 Other data indicate that following a single 1-hr exposure to 20 ,ug/m3 H2SO4, the lung was more sensitive to acetylcholine challenge (7) . These data are shown in Figure 8 . Neither SO2 alone nor ZnO at a higher level increased bronchial reactivity. These measurements were made 2 hr after the end of exposure. The time course obviously needs to be explored. Again, the response is similar to that observed in guinea pigs following 03 exposure (12) .
Comparison with Sulfuric Acid Mist 
Summary
In summary, we have devised a way of making realistic H2SO4-coated ultrafine aerosols that simulate primary emissions from coal combustors and smelters. We find that concentrations as low as 20 jig/m3 H2SO4 delivered in this manner produce cumulative pulmonary effects in guinea pigs. In many ways the effects we see resemble those we and others have seen with 03. As is always the case in acid aerosol research, we have raised questions as well as answered them. Some of these questions we hope to address.
